Two-dimensional covalent crystals by chemical conversion of thin van der Waals materials
Chemical modification of materials has proved to be a powerful tool for obtaining novel materials with desired and often unusual properties [1] [2] [3] [4] [5] [6] . Following the exfoliation of graphene 7 , the family of two-dimensional (2D) materials was populated either by direct exfoliation of layered bulk crystals [7] [8] [9] [10] or by epitaxial growth techniques [11] [12] [13] [14] . Also, the concept of using an existing 2D material as an atomic scaffold for synthesizing novel 2D materials has been demonstrated by hydrogenated and fluorinated graphene, called graphane 5 and fluorographene 6 , respectively.
Similarly, ion exchange was used to modify existing 2D materials and synthesize MoS2, WS2, Cu2SnS3, ZnS, PbS, etc. However, these techniques are usually limited to producing 2D layers of the known layered crystals [15] [16] [17] . In contrast to layered crystals, where atomic layers are held together by weak van der Waals forces and hence can be separated by "brute" mechanical action, covalent solids cannot be exfoliated. One can also imagine the chemical conversion of two or more atomic layers of a van der Waals solid into a 2D covalent material of controlled thickness. Despite the simplicity and significance of creating a new class of materials, namely 2D covalent solids, this concept has not yet been explored for atomically thin layers of van der Waals crystals. Here, we successfully demonstrate the validity of this approach by reporting the chemical conversion of three or more layers of InSe into covalent InF3 thin films by fluorination of layered 2D crystals of InSe.
We used the mechanical exfoliation method to prepare InSe flakes on a quartz substrate 6, 18, 19 . Exfoliated InSe flakes and bulk InSe crystals were then fluorinated by direct exposure to Xenon difluoride (XeF2) at elevated temperature using a method reported earlier 6 (see methods). Figure   1a shows the optical micrographs of InSe flakes before and after the fluorination process. After fluorination, the optical contrast from the thinner InSe flakes decreases significantly, but atomic force microscopy (AFM) confirms the preservation of the flake morphology and its 2D structure . Furthermore, a closer look of the spectra from the fluorinated InSe reveals a significant amount (≈2%, see methods) of selenium doping in the crystal ( Figure   1j ). This doping was absent in the commercial InF3 samples ( Figure 1j ) and could be responsible for the variation in the Raman spectra compared to commercial InF3 powder, as discussed below.
We have also noticed that the Raman spectrum of Se-doped InF3 was not affected by slight changes in the amount of Se doping ( Figure S5 ). ( 1) where EA is an activation energy, kB is the Boltzmann constant, T is the temperature in Kelvin, and the parameter ρ0 is only weakly dependent on T (Figure 2a ) 6, 23 . The fitting of the data (shown in . This value is significantly larger than the energy 2EA = 1.4 eV derived from the electrical measurements, suggesting that the chemical potential is pinned on mid-gap impurity states. We have also investigated the photoluminescence of the Se-doped InF3, but no emission was observed, consistent with the presence of non-radiative recombination centres, as was reported earlier for fluorographene 6 . We also calculated the optical constants of the Se-doped InF3, which showed an almost constant real refractive index of 2, while the imaginary part of the refractive index reduced to near zero for wavelengths > 600 nm ( Figure S6 ). This implies that Se-doped InF3 transmits all wavelengths above 600 nm with near zero attenuation. Raman spectra and bandgap match the calculated values. Our approach could be used to synthesize a large variety of other 2D covalent solids, which cannot be produced by exfoliation.
Methods:
Fluorination of InSe flakes: InSe flakes were prepared on a quartz wafer using micromechanical exfoliation of Bridgman-grown bulk γ-InSe crystals. Quartz substrates of size (≈5 cm x 5 cm) were cleaned using acetone and isopropyl alcohol for 10 min each, followed by O2/Ar plasma cleaning for 10 min. The substrates were immediately transferred inside a glove box for mechanical exfoliation of InSe crystals under argon environment with H2O and O2 levels less than 0.1 ppm.
The transferred crystals on quartz were then taken to a PTFE container mixed with excess XeF2 crystals and heated to 100 C on a hot plate for 48 hrs. After fluorination the sample was then annealed at 80 C for 12 hrs inside a glove box to remove residual XeF2 crystals and used for subsequent measurements.
Fluorination of bulk InSe:
A small piece of InSe crystal was scrapped off a large crystal using a surgical blade inside a glove box. The crystal was then mixed with excess (~ 100 times by mass)
XeF2 inside a PTFE lined stainless steel container and heated to 350 C for 48 hrs on a hot plate.
The crystals thus obtained were annealed at 150 C for 12 hrs inside a glove box to remove the residual XeF2 crystals and used for subsequent measurements.
Preparation and fluorination of InSe laminates:
InSe powder for liquid exfoliation was purchased from Chengdu Alfa Metal Material Co.,Ltd, China and used as received. 10 mg of InSe powder was dispersed in about 100 ml of iso-propyl alcohol. The dispersion was then sonicated for 12 hrs. The resulting dispersion after sonication was centrifuged at 4000 rpm for 10 min. The supernatant was collected and filtered through a PTFE (0.1 µm pore size and 47 mm diameter, purchased from Sterlitech) or Anodisc alumina membrane (0.2 µm pore size and a diameter of 47 mm, purchased from Millipore) to obtain InSe laminates with thickness of a few microns. These laminates were fluorinated at 350 C on a hot plate in a PTFE-lined autoclave for 48 hrs and characterised using X-ray diffraction. After the fluorination, the InF3 coating was loosely attached to the PTFE/alumina substrate and could be peeled from the substrate to obtain freestanding films of InF3 ( Figure S10 ).
AFM measurements: AFM imaging was performed using a Bruker Dimension FastScan AFM operating in peak force tapping mode.
Raman measurements:
We used HORIBA's Raman spectrometer (XploRA PLUS) with a laser excitation of 532 nm (spot size ∼1 µm, laser power of 1.35 mW and spectrometer grating of 1200 groves per millimetre) for measuring the Raman spectra of the samples. XPS measurements: XPS analysis was performed with a Kratos AXIS Ultra DLD apparatus, equipped with a monochromated Al Kα radiation X-ray source, a charge neutralizer, and a hemispherical electron energy analyser. During data acquisition, the chamber pressure was kept below 10 -9 mbar. The spectra were analysed using the CasaXPS software pack and corrected for charging using C 1s binding energy as the reference at 284.8 eV. Survey scans and high-resolution scans were carried out at pass energies of 80 eV and 20 eV, respectively. Atomic percentage of elements were calculated from the survey scans using CasaXPS software pack.
Electrical measurements: Electrical measurements of InF3 crystals were conducted using a 2400
Keithley source meter. The temperature-dependent conductivity studies were conducted by heating a device in air using a hot plate. The temperature on the surface of the sample was measured using an infrared thermometer.
Optical measurements: Wavelength-dependent transmission of InF3 samples was measured using a homemade spectrometer with focusing optics in transmission mode. The incident light from a laser driver light source (LDLS) was focused on the sample with the FL 40x objective and then collected using a similar objective. The transmitted light was focused on the entrance of an optical fiber (200 µm core) coupled to the Ocean Optics USB2000 spectrometer. The transmission spectra were obtained by normalizing the spectra measured from the sample with respect to the spectra measured from the substrate. We extracted the spectral dependencies of the complex refractive index using spectroscopic ellipsometry. The ellipsometric measurements were The Perdew-Burke-Ernzerhof (PBE) form of generalized gradient approximation (GGA) was adopted to describe electron exchange and correlation 27 . In order to take into account strong correlations between In-d orbital electrons, The DFT+U method was used 28 . The effective on-site Coulomb parameter, Ueff, was taken to be 7 eV.
The kinetic energy cutoff for plane-wave expansion was set to 500 eV and the energy was minimized until its variation in the following steps became less than 10 -8
eV. The width of the Gaussian smearing was chosen to be 0.05 eV for both geometry optimizations and partial density of states (PDOS) calculations. For the vibrational spectrum of each bulk structure, first-order offresonant Raman activities were calculated at the Γ point of the Brillouin Zone (BZ). Firstly, the zone-centered phonon modes were calculated using small-displacement methodology as implemented in VASP. Then using the vibrational characteristic of each optical phonon mode, the derivative of macroscopic dielectric tensor was calculated with respect to each normal vibrational mode to obtain the corresponding Raman activity 29, 30 . 
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#1. Calculated Raman Spectrum of InF3 and Se doped InF3
The calculated Raman spectrum of InF3 reveals that it has a prominent peak located at 182.1 cm are non-degenerate, whereas in the Se-doped InF3 structure, due to the 2×2×1 supercell, each mode has 4-fold-degeneracy. However, due to the small distortion in the supercell, the degeneracy of these modes is broken and 16 phonon modes appear, some of which are Raman inactive. Therefore, in the Raman spectrum of the Se-doped structure, the phonon modes around the broad peak at 250 cm Compared to the InF3 crystal, the transition is noted to be broad in InF3 thin films and this could be due to the polycrystallinity or the presence of defects in the sample.
